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Ref.  Contract:  DTRA01-03-D-0009-0026  “Chirped  Grating  Tunable  Lasers  for  the  In¬ 
frared  Molecular  Fingerprint  Spectral  Region” 

Abstract 

A  new  approach  to  tunable  mid-infrared  lasers,  an  optically  pumped,  type- 
11,  InGaSb/InAs  gain  medium  with  a  chirped  distributed  feedback  grating, 
has  been  developed.  The  chirped  grating  is  patterned  using  an 
interferometric  lithography  (IL)  technique  with  spherical  wave  fronts  and 
etched  into  the  top  cladding  of  the  laser  slab  waveguide  structure.  A  re¬ 
duced  longitudinal  chirp  grating  fabrication  technique  has  been  developed 
that  dramatically  extends  the  single  frequency  tuning  range.  Continuous 
tuning  of  80  nm  around  3.1  pm  with  320  mW  single  facet  output  power  at 
80K  and  a  1.6  nm  FWHM  is  reported.  The  present  device  is  designed  in 
the  3-  to  4-pm  range  which  matches  a  low  loss  atmospheric  transmission 
window,  and  covers  an  important  region  of  molecular  vibration  spectra,  in 
particular,  the  hydrocarbon  C-H  stretch  at  ~  3.3  pm,  making  it  suitable  for 
atmospheric  pressure  remote  gas  sensing  of  industrially  important  small 
molecules  such  as  methane,  hydrogen  chloride  and  ammonia. 

The  details  of  the  work  on  this  project  are  included  in  the  attachments  that  include  a  pa¬ 
per  to  be  published  in  the  Proceedings  of  the  SPIE  and  presentation  materials  from  Pho¬ 
tonics  West  2012  and  CLEO  2012.  In  addition  to  these  presentations,  a  provisional  patent 
application  has  been  filed  with  the  US  Patent  Office  on  the  improved  device  capabilities 
developed  during  this  program  and  on  the  new  approach  to  low  longitudinal  chirp  grating 
fabrication. 

Highlights  by  task  include: 

1 .  Task  1.  Demonstrate  lasing  in  new,  tighter  confinement  structure  at  3.1 /am  center 

Wavelength. 

•  New  device  designed,  material  grown  and  tested.  Results  were  improved  over 
previous  design. 

2.  Task  2.  Modeling  of  longitudinally  and  transversely  chirped  grating  DFB  lasers. 

•  Detailed  model  of  chirped  grating  DFB  lasers  developed. 

•  Successfully  explained  initially  puzzling  results  on  tuning  and  mode  jumps  of 
DFB  laser. 

•  Demonstrated  that  longitudinal  chirp  of  the  grating  was  the  major  issue. 

•  New  fabrication  technique  developed  to  significantly  (~  10X)  reduce  chirp  and 
provide  better  tuning  performance. 


3.  Task  3.  Investigate  tuning  characteristics  of  DFB  lasers  with  chirped  gratings  and 

compare  both  normal  DFB  (pump  stripe  perpendicular  to  grating)  and  a-DFB  (pump 

stripe  perpendicular  to  facets)  operation. 

•  Achieved  continuous  tuning  of  over  80  nm  in  a  DFB  configuration.  Highest  con¬ 
tinuous  tuning  range  ever  reported,  (probably  the  major  result  of  the  program) 

•  Reduced  chirp  devices  also  operated  at  significantly  higher  power  as  a  result  of 
the  longer  effective  cavity  length.  Important  for  stand-off  detection. 

•  Compared  both  grating  normal  and  facet  normal  configurations. 

4.  Task  4.  Iterate  tasks  1  and  2  as  appropriate  as  additional  experimental  and  model¬ 
ing  information  becomes  available. 

•  Results  captured  in  highlights  for  1-3. 

Task  5.  Develop  laser  source  at  3.3  pm  optimized  for  hydrocarbon  spectroscopy. 

•  Material  supplied  by  AFRL  as  part  of  program 

•  Device  fabrication  with  new  low-longitudinal  chirp  design  underway. 

•  Demonstration  of  CH4  spectroscopy  (with  previous  laser  designs). 

•  Combination  will  provide  optimum  device  structure. 

Task  6.  Demonstrate  molecular  absorption  spectroscopy  (atmospheric  pressure). 

•  Initial  demonstration  of  CH4  spectroscopy. 

•  New  device  was  at  shorter  wavelength,  no  convenient  molecular  species  availa¬ 
ble. 

•  Used  Fabry-Perot  Interferometer  as  “spectroscopy  simulator.” 

•  Demonstrated  high  resolution,  long  wavelength  span  tuning. 

•  Developed  approach  to  high  speed  modulation  using  high-speed  galvonometer  to 
modulate  at  -  5  kHz  rates. 

•  Ultimate  sensitivity  will  be  achieved  with  higher  modulation  speeds  (acousto¬ 
optic  modulator)  to  put  modulation  frequency  above  laser  noise  frequencies. 

Task  7.  Investigate  use  of  multiple  heterogeneous  quantum  wells  to  extend  tuning  range. 

•  Increased  gain  bandwidth  has  been  demonstrated  in  prior  work  at  AFRL. 

•  Modeling  is  underway  to  estimated  the  available  tuning  range  within  the  limits  of 
the  longitudinal  chirp  and  the  device  size.  Certainly,  devices  can  be  provided  to 
cover  the  entire  gain  bandwidth. 
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ABSTRACT 

A  new  approach  to  tunable  mid-infrared  lasers,  an  optically  pumped,  type-II,  InGaSb/InAs  gain  medium  with  a  chirped 
distributed  feedback  grating,  has  been  developed.  The  chirped  grating  is  patterned  using  an  interferometric  lithography 
(IL)  technique  with  spherical  wave  fronts  and  etched  into  the  top  cladding  of  the  laser  slab  waveguide  structure.  Because 
the  period  of  grating  increases  gradually  laterally,  wavelength  tuning  is  implemented  by  shifting  pump  stripe  to  different 
positions  on  the  device  with  different  grating  periods.  Fabry-Perot  modes  from  the  cleaved  facets  are  successfully  sup¬ 
pressed  by  fabricating  the  grating  6°  tilted  with  respect  to  facets  and  adjusting  the  pump  stripe  normal  to  the  grating. 
Continuous  tuning  of  30  nm  around  3.1  pm  with  320  mW  single  facet  output  power  at  80K  and  a  1.6  nm  FWHM  is  re¬ 
ported.  The  present  device  is  designed  in  the  3-  to  4-pm  range  which  matches  a  low  loss  atmospheric  transmission  win¬ 
dow,  and  covers  an  important  region  of  molecular  vibration  spectra,  in  particular,  the  hydrocarbon  C-H  stretch  at  ~  3.3 
pm,  making  it  suitable  for  atmospheric  pressure  remote  gas  sensing  of  industrially  important  small  molecules  such  as 
methane,  hydrogen  chloride  and  ammonia. 

Keywords:  Tunable,  DFB,  Mid-IR,  Semiconductor  Laser,  interferometric  lithography,  chirped  grating, 


1.  INTRODUCTION 


Mid-infrared  (Mid-IR)  semiconductor  lasers  have  achieved  significant  advances  in  performance  over  the  past  decade. 
Generally,  there  are  three  major  types  of  high  performance  mid-IR  semiconductor-based  lasers:  electrically  pumped  in¬ 
tersubband  quantum  cascade  (QC)  lasers,1"4  electrically  pumped  interband  cascade  (IC)  lasers,5'9  and  optically  pumped 
interband  lasers.11'16  With  the  exception  of  the  QC  lasers,  these  mid-IR  type-II  lasers  are  based  on  the  “W”  shaped  In  As 
and  InGaSb  quantum  well  structure,  first  proposed  by  Meyer  et  al .,10  shown  in  Fig.  la).  The  “W”  shape  takes  its  name 
from  the  pattern  of  the  alignment  of  the  different  quantum  well  layers  of  different  materials  as  shown.17 
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Figure  1.  a)  Generic  epitaxial  structure  design  for  optically  pumped  semiconductor  laser.  The  alignment  of 
the  energy  bands  of  the  different  material  layers  forms  a  “W”  shaped  pattern.  The  purple  and  blue  dashed 
lines  represent  the  effective  conduction  and  valence  band  edges.  The  solid  and  open  circles  stand  for  elec¬ 
trons  and  holes  respectively,  b)  Cross  section  view  of  the  structure  of  our  laser  device.  In  the  core  layer  of  the 
slab  waveguide,  there  are  14  sets  of  the  W-shaped  structure  shown  in  a)  to  fully  absorb  the  pump  laser  power. 
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QC  lasers  have  the  advantage  of  room  temperature  operation  with  several  hundred  mW  output  power  but  their  output 
power  drops  as  temperature  increases.  One  of  the  critical  drawbacks  of  QC  lasers  is  that  the  efficiency  drops  rapidly  as 
the  output  wavelength  becomes  shorter  than  ~4.5  pm,  making  them  unsuitable  for  the  important  3-  to  5 -pm  atmospheric 
window.  For  the  mid-IR  range,  IC  lasers  do  not  achieve  high  power  output  with  electrical  pumping.  In  comparison,  opti¬ 
cally  pumped  type-II  IC  lasers  uniquely  provide  multi- Watt,  continuous- wave,  narrow  line  width  operation  in  the  im¬ 
portant  atmospheric  transmission  widow  range  of  3-  to  4.5-pm.  They  are  suitable  for  applications  in  remote  gas  sensing, 
absorption  vibration  spectroscopy  and  mid-IR  countermeasures.  This  paper  provides  details  on  a  novel  approach  to  an 
optically  pumped,  rapidly,  widely  and  continuously  tunable,  mid-IR  DFB  laser. 

By  varying  the  thickness  of  the  InAs  layer,  type-II  semiconductor  lasers  cover  the  range  from  ~2.3-  to  12-pm,  including 
the  bulk  of  the  molecular  fingerprint  spectral  region.  The  laser  presented  in  this  paper  is  an  optically  pumped  type-II 
tunable  DFB  laser,  operating  continuous- wave  (CW)  with  a  single  longitudinal  mode  (SLM),  a  narrow  spectral  lin- 
ewidth,  high  output  power,  a  wide  and  continuous  tuning  range  and  good  beam  quality.  All  these  features  make  it  a  suit¬ 
able  candidate  for  application  to  remote  sensing  for  gases  such  as  methane  and  ammonia  in  the  mid-IR  and  nerve  gases 
in  the  LWIR. 

Fig.  lb)  shows  the  cross  section  view  of  epitaxial  structure  of  the  wafer.  The  slab  waveguide  structure  is  grown  on  a 
GaSb  wafer.  In  the  core  of  the  waveguide,  there  are  14  sets  of  integrated  absorber-InAs/InGaSb/In As-integrated  absorber 
structures,  evenly  distributed  across  the  total  thickness  of  1.5pm  which  is  designed  so  to  fully  absorb  the  pump  power 
and  allows  fundamental  transverse  mode  to  lase.  The  integrated  absorber  is  composed  of  (GaSb)x(InAs0.89Sbo.ii)i.x,  lat¬ 
tice  matched  and  band  adjusted  to  uniformly  absorb  the  1.908  pm  pump  laser  power.  The  effective  refractive  index  in 
the  core  layer  is  only  0.02  higher  than  in  the  clad  layers,  providing  a  low  confinement  factor  that  has  better  beam  quality 
and  suppresses  filaments.18'19 


2.  METHODOLOGY 


Our  approach  to  achieve  a  mid-IR  tunable  DFB  laser  is  novel  compared  with  the  traditional  tunable  lasers  based  on  DFB 
thermal  tunability,  external  cavities  with  a  grating  mirror,20'23  or  Vernier-effect  DFB  lasers  with  super  structured  grat¬ 
ing.24'25  These  designs  achieve  tunability  either  by  changing  the  temperature  and  refractive  index  that  requires  or  by 
using  a  frequency  selective  the  grating.  Thermal  tuning  is  slow  and  restricted  to  small  wavelength  ranges.  External  cavi¬ 
ty  grating  approaches  require  precise  alignment  and  large,  heavy  vibration  isolation  approaches. 

Our  laser  is  an  index-coupled  DFB  laser  which  means  the  grating  is  only  fabricated  in  the  clad  layer.  In  the  design  of  this 
laser,  there  are  mainly  three  constraints  we  need  to  address:  the  grating  period;  the  coupling  strength;  and  the  transverse 
mode  profile.  First,  the  grating  period  needs  to  be  within  the  gain  spectrum  of  the  active  region,  in  this  case  centered  at 
about  3.06  pm  at  80  K.  By  Bragg  equation,  the  grating  period  should  be  in  the  vicinity  of  the  419  nm,  given  that  the  ef¬ 
fective  refractive  index  is  about  3.71. 


A Bragg  -  effective^ 


(1) 


Where  ABragg  is  the  Bragg  wavelength,  nejfective,  the  modal  index  and  A  is  the  grating  period.  Second,  the  coupling  strength 
kL  should  be  in  a  range  between  1  to  3  to  give  proper  feedback  without  introduction  of  spatial  hole  burning  phenomena. 
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Where  K  is  the  coupling  coefficient  and  U\,2  correspond  to  the  effective  index  of  the  top  or  groove  segment  of  the  grat¬ 
ing  in  the  top  clad,  and  A  is  the  cavity  length.  The  equation  is  for  the  simple  case  of  a  straight  grating  with  50%  duty 
cycle.  For  tunability,  the  grating  period  A  is  a  function  of  the  location  on  device.  Third,  the  optical  confinement  of  the 
laser  should  be  above  0.35  but  not  so  high  as  to  compromise  the  output  beam  quality  and  result  in  filamentation  at  high 
pump  levels.  Using  standard  DFB  laser  design  rules,  the  optimum  grating  depth  in  the  top  clad  is  determined  to  be  500 
nm.  Modal  index  and  optical  confinement  factor  in  the  design  of  this  laser  are  calculated  with  online  optical  simulation 
software  LIGHTS26  by  Dr.  Andrew  Sarangan  at  University  of  Dayton. 


Instead  of  fabricating  a  uniform  grating  to  select  the  operational  wavelength  of  laser,  we  made  a  quadratically  chirped 
grating  using  an  interferometric  lithography  (IL)  technique  by  interfering  two  spherical  wavefronts.  The  experimental 
setup  for  IL  is  shown  in  Fig.  2.  In  the  Fig.  2a),  the  collimated  3rd  harmonic  output  of  a  Nd:YAG  laser  at  355  nm  is  inci¬ 
dent  from  the  left  hand  side.  Half  of  the  beam  directly  illuminates  the  plano-convex  lens,  the  other  half  is  reflected  from 
the  Lloyd’s  mirror  onto  the  lens.  The  lens  converts  the  planar  wavefronts  to  spherical  wavefronts  that  are  focused  to  the 
two  virtual  foci  A,  and  B.  L  is  the  separation  of  the  two  foci  and  D  is  their  distance  to  the  back  surface  of  the  lens,  both 
are  incident  angle  0  dependent  and  graphically  solved  with  Matlab  program  based  on  simple  ray  tracing.  To  avoid  Fab- 
ry-Perot  (F-P)  modes  in  the  laser  output,  we  rotate  the  die/sample  6°  as  shown  in  the  figure  2b)  to  tilt  the  grating  orienta¬ 
tion.  In  this  way,  when  we  adjust  the  pump  stripe  to  be  normal  to  the  grating,  the  F-P  modes  are  successfully  suppressed 
as  shown  in  lasing  results. 


Figure  2  a)  Modified  Lloyd  IL  Setup  with  extra  plano-convex  lens  shown  in  light  blue  to  convert  the  planar 
wave  fronts  of  incident  beams  to  spherical  and  converges  them  to  two  virtual  foci  A,  B  behind  photoresist  coat¬ 
ed  die  shown  in  dark  blue,  b)  The  die  is  rotated  clockwise  6°  to  make  grating  tilted  with  respect  to  the  edge  as 
shown  by  the  gray  square. 


The  grating  period  on  the  DFB  laser  as  a  function  of  the  coordinates  and  IL  laser  wavelength  and  the  location  of  the  two 
virtual  foci  is  given  by  the  equation: 


A(x,  y ) 
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Where  x,  y  are  the  coordinates  on  the  die.  A  grating  period  contour  plot  including  the  6°  tilt  to  the  facets  is  shown  in  Fig. 
3a). 


Figure  3.  a)  Contour  plot  of  the  grating  pitch  as  function  of  location  in  a  12x20mm  zone,  for  the  case  of  die 
rotated  6°.  The  blue  square  corresponds  to  the  10x1  Omm  die  got  from  AFRL  lab  and  the  grey  rectangle  repre¬ 
sents  the  2.5x4  mm2  DFB  device  cleaved  out  from  the  die.  b)  Cross  section  view  of  the  device.  Grating  period 
of  A-419  nm  is  etched  into  the  top  clad  for  D  =  500  nm.  Substrate  is  thinned  to  T-150  pm  for  better  thermal 
conduction,  c)  SEM  picture  taken  of  the  grating  etched  into  top  clad  of  device. 


Once  the  grating  is  patterned  in  the  photoresist,  the  pattern  is  transferred  into  the  top  of  laser’s  slab  waveguide  structure 
shown  in  Fig.  3b),  c)  using  an  inductively  coupled  plasma  (ICP).  The  grating  etch  depth  into  top  clad  is  500  nm  as  de¬ 
signed.  In  figure  3c)  shows  a  SEM  picture  of  the  grating  after  ICP  etch.  Then  the  die  is  thinned  down  to  about  150  pm 
and  a  4x2.5  mm2  DFB  device  is  cleaved  from  the  center  of  the  die  as  shown  as  the  gray  rectangle  in  figure  3a).  4  mm  is 
the  lateral  dimension  of  the  device,  which  is  picked  to  give  as  wide  as  possible  tunable  range  without  cracking  issues 
from  non-uniform  thermal  expansion  due  to  local  heating  by  the  pump  laser.  2.5  mm  is  the  cavity  length  picked  to  give 
proper  coupling  strength,  also  allowing  comparison  with  previously  made  devices  with  the  same  dimension.  The  final 
step  (Fig.  4a)  is  indium  mounting  the  device  onto  a  copper  heat  sink  and  then  to  the  cold  finger  of  liquid  nitrogen  Dewar. 


Dewar  Cold  Finger 


Grating  Normal  Configuration(GNC) 


Facet  Normal  Configuration(FNC) 
Pump  normal  to  facet 


Figure  4.  a)Pumping  geometry  for  laser  characterization.  Device  is  indium  mounted  on  to  a  copper  heat  sink 
then  screwed  onto  the  cold  finger  of  liquid  nitrogen  Dewar,  b)  Two  different  pumping  configurations:  GNC, 
pumping  normal  to  the  grating;  FNC,  pumping  normal  to  the  facets. 


In  characterization,  a  thulium  fiber  laser  at  1.908  nm  wavelength  is  chosen  to  be  the  pump  laser.  Pump  stripe  is  formed 
with  a  CaF2  cylindrical  lens.  Benefiting  from  the  flexibility  of  optical  pump,  we  can  rotate  the  cylindrical  lens  to  adjust 
the  pumping  stripe’s  direction  to  either  perpendicular  to  the  cleaved  facets  [facet  normal  configuration  (FNC)]  or  per¬ 
pendicular  to  the  grating  orientation  [grating  normal  configuration  (GNC)],  as  shown  in  Fig.  4b).  The  output  beam  is 
coupled  into  a  monochromator  or  Fabry-Perot  interferometer  together  with  InSb  detector  for  spectral  measurement  or 
into  a  power  meter  for  output  power  measurement.  Since  we  have  a  varying  grating  period  on  the  device,  by  shifting  the 
device  in  lateral  direction  with  pump  beam  fixed,  we  pump  a  different  grating  period  and  hence  have  a  different  output 
wavelength. 


3.  RESULTS 


Grating  normal  configuration  is  the  preferred  operation  configuration,  since  it  successfully  suppresses  the  F-P  modes  as 
shown  in  the  plots.  All  the  results  shown  herein  were  acquired  in  GNC.  We  did  operate  the  laser  in  FNC  for  comparison. 
The  device  operates  in  a  DFB  mode  only  under  a  certain  pump  power,  for  higher  pump  power  the  F-P  modes  appear  in 
the  spectrum  and  eventually  dominate  the  output  spectrum  as  the  pump  power  is  further  increased.  When  the  device  op¬ 
erates  in  FNC  mode  under  DFB  control,  the  output  wavelength  is  given  by  equation  (1)  with  an  extra  factor  of  cos((3), 
where  P  =  6°,  corresponds  to  the  titling  of  the  grating  orientation  with  respect  to  the  facets.  The  other  issue  of  this  con¬ 
figuration  found  in  the  previously  fabricated  device  is  the  impact  from  F-P  modes  in  the  composite  grating/edge  reflector 
cavity.  During  wavelength  tuning,  the  spectral  peak  of  the  output  emission  jumps  from  one  F-P  mode  to  the  neighboring 
modes,  so  the  tuning  is  not  continuous.  Because  of  the  long  cavity  length,  2.5  pm,  the  longitudinal  mode  spacing  is  less 
than  a  pressure  broadened  molecular  line  width,  so  all  molecular  lines  are  observed.16 

All  the  characterization  is  at  80K.  The  device  shows  about  30  nm  of  continuous  tuning  around  3.08  pm  as  shown  in  Fig. 
5.  The  device  does  not  lase  at  both  top  and  bottom  edges  of  the  chip,  probably  due  to  defects  from  cleaving.  Single  facet 
output  power  is  also  measured  as  function  of  the  pump  power.  The  output  power  is  limited  by  the  available  pump  power, 
without  any  evidence  of  saturation.  Together  with  Fig.  6,  we  can  conclude  that  within  the  whole  pump  power  range, 

DFB  laser  operates  stably  with  a  single  longitudinal  mode;  the  F-P  modes  are  successfully  suppressed. 


In  figure  5  a),  the  blue  dots  are  the  experimental  data  and  the  red  curve  is  the  quadratic  fitting  of  the  data  to  the  theoreti¬ 
cal  expectation  of  the  lasing  wavelength  from  Eq.  3.  The  experimental  data  agree  with  theory  fairly  well;  however,  there 
are  a  few  jumps  of  the  lasing  wavelength  showing  output  wavelength  changes  above  or  below  the  theoretical  expecta¬ 
tion,  and  sometime  device  lases  on  either  side  of  the  theoretical  value.  This  is  likely  due  to  the  degeneracy  of  DFB 
modes,  and  interaction  with  the  longitudinal  chirp  of  the  grating,  this  will  be  discussed  more  fully  elsewhere.  To  address 
this  problem,  we  plan  to  deposit  metal  into  the  grooves  of  the  grating,  to  introduce  asymmetric  loss  and  favor  a  single 
longitudinal  mode.  The  waterfall  plot  in  figure  5.  shows  that  across  the  whole  tunable  range,  the  device  operates  in  sin¬ 
gle  longitudinal  mode.  The  F-P  modes  have  been  suppressed  successfully. 


Pump  Stripe  Position  (mm) 


3070  3075  3080  3085 

Wavelength  (nm) 


Tunability  Test  at  Pump  Power  ~2Watts 


Figure  5.  Left:  Plot  of  tunability  of  the  DFB  device  at  2W  pump  power,  about  ~2X  threshold.  The  blue  dots 
are  the  experimental  data  and  the  red  curve  is  the  quadratic  fitting.  Right:  Waterfall  plot  of  the  spectral  at  dif¬ 
ferent  pump  positions,  at  about  2X  threshold  of  2W  pump  powers. 


Single  Facet  Ouput  Power  vs.  Pump  Power  Spectra  at  Different  Pump  Position,  ~2.5XThreshold 


Figure  6.  Left:  A  plot  of  output  power  as  function  of  pump  power  at  three  different  pump  stripe  positions. 
Right:  Spectra  at  these  three  pump  positions. 


The  linewidth  of  this  device  is  about  1.6  nm  at  the  pump  power  of  about  2xthreshold.  This  is  large  compared  with  typi¬ 
cal  low-power,  narrow  stripe,  index  guided  DFB  lasers.  The  main  reasons  include:  a)  the  grating  patterned  with  our 
method  varies  along  the  pump  stripe  as  well  as  transverse  to  the  stripe  (the  tuning  direction).  Different  grating  periods 
along  the  stripe  will  select  different  lasing  wavelength  which  will  broaden  the  overall  line  width  of  the  laser  output,  b) 
Considering  the  pump  stripe  is  about  100pm  wide,  across  it  the  grating  periods  varies  due  to  the  lateral  chirp  which 
broadens  the  line  width  of  the  laser  output  as  well  though  longitudinal  chirp  here  is  dominant  reason  for  wide  line  width. 
The  longitudinal  chirp  and  lateral  chirp  are  coupled  in  our  approach  of  the  grating  patterning  and  they  also  depend  on  the 
focal  length  of  the  plano-convex  lens  used  in  IL  and  the  incident  angle  of  the  interfering  beams.  Present  value  for  longi¬ 
tudinal  chirp  for  this  device  along  the  pump  stripe  is  about  0.1%  which  restricts  the  effective  laser  length  and  impacts  the 
line  width. 


4.  CONCLUSION 


We  report  a  novel  technique  for  the  implementation  of  a  mid-IR  type-II  tunable  DFB  laser.  The  present  device  shows 
about  30  nm  continuous  tunable  range  around  3.1  pm  with  a  single-facet  output  power  of  about  320  mW  (Fig.  6)  and  a 
line  width  of  about  1.6  nm.  These  characteristics  make  this  laser  a  suitable  candidate  for  atmospheric  pressure  spectros¬ 
copy.  Taking  into  account  the  atmospheric  transmission  windows,  this  technique  is  applicable  to  the  remote  gas  sensing 
applications  for  light  molecules  such  as  methane,  ammonia  and  hydrogen  chloride  in  3  to  5pm  range.  Extending  the 
dimensions  of  the  device  to  10  mm,  would  give  a  tunable  range  on  the  scale  of  the  laser  gain  bandwidth  of  about  200 
nm.  This  would  make  it  possible  to  resolving  multiple  spectral  lines  of  multiple  target  molecules  that  very  convenient  for 
identification  of  the  molecules.  Also  as  mentioned  previously,  by  varying  the  thickness  of  In  As  layer  in  this  type-II  ma¬ 
terial  system,  gain  spectral  could  cover  in  the  range  from  2  to  12pm.  The  technique  demonstrated  in  this  paper  will  be 
useful  for  spectroscopy  applications  from  across  the  entire  IR  molecular  fingerprint  region. 
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Applications  of  Mid-IR  Lasers 


•  Spectroscopic  sensing/monitoring  of  substances 


•  Tunable  Laser  Diode  Absorption  Spectroscopy  (TLDAS) 


-  Remote  chemical/trace  gases  sensing:  CH4,  HC1,  NH3,  CO,  NO,  N02. . . 

-  Atmospheric  pollution  monitoring/leak  detection 

-  Chemical  process  control 

-  Defense  application:  nerve  gas  detection 


•  IR  illumination  and  range  finder  °  ~ 

i 

0 

3100  3150  3200  3250  3300  3350  3400  3450  3500 


'■a 


Infrared  countermeasures 


r/i 

C 


CH4  Spectrum 


R  Branch  O  Branch  P  Branch 


Laser 
Tuning---^ 


Ran*e 


L 


LLjl 


5/21/2012 


Till;  I.INIV1  RSITYW 

NEW  MEXICO 


(mn) 


Introduction  to  GaSb  Type-II  Mid-IR  OPSL 


laser  Emission 

4 _ 4 


( 

Integrated 

Absorber 

(IA) 

InGaSb 

V 

Integrated 

Absorber 

(IA) 

— 

-o-o -- 

In  As 


IA:  (GaSb)x(InAs089Sb0 ![)[. 

Meyer  et  al.,  APL  67,  1995 
Goyal  et  al.,  Proc.  LEOS  2000 


5/21/2012 


x 


Lasers  span  2.3  -  9.5  pm  wavelengths 


1  1 — * — * — * — * — ■ — ■ — * — * — ■ — ■ — 1 

01  23456789  10  11 

Monolayers  of  InAs 


Kaspi  et  al.,  Mid-infrared  Semiconductor 
Optoelectronics,  Springer 

THE  UNIVERSITY  of 

NEW  MEXICO 


Our  Approach  to  Tunable  DFB  Laser 


•  Chirped  grating  in  top  clad  of  the  slab 

waveguide  structure-  Index  coupled  DFB  laser 


•  Optically  pumped,  with  flexibility  of  varying 
pumping  angle/lateral  position-  gain  guided  in 
lateral  direction 


1.908um  Pump  Stripe 


•  Laterally  shift  pumping  stripe  at  different 
positions;  grating  of  different  periods  select 
different  lasing  wavelengths  to  achieve  tuning. 


Lateral/Tuning 
Direction 


Tongitudinal/Pumping 
Direction 


5/21/2012 


Till;  II MV1  RSITYW 

NEW  MEXICO 


5 


Slab  Waveguide  Structure  and 
Mode  Distribution 


5/21/2012 


■  ■III 


Top  Clad:  GaSb 

n=3.82 

Core: 

14  sets  of 

IA/InAs/InGaSb/InAs/IA 
W-shaped  Stucture 

Substrate:  GaSb 

n=3.82 


1.5pm 


1.5pm 


x 


150pm 


Grating  period:  ~4 1 9nm 
Grating  depth:  500nm 
Duty  cycle:  50% 


THE  UNIVERSITY  of 

NEW  MEXICO 


Interferometric  Lithography  Setup 

For  Chirped  Grating  Fabrication 


3rd  Harmonic 
Nd:YAG  Las 
at  355nm 


►x 


•5%  lateral  chirp  was  obtained  in  10-mm  wide  device. 

•Large  area  (20*20  mm2)  can  be  done  by  IL. 

•Grating  period  and  chirp  adjustable  by  changing  lens  and/or  incidence  angle. 
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ICP  Etch  Done 
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Grating  Pattern 
Development 


GaSb 


Residual  PR/ ARC 
Removal  Done 
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Pumping  Geometry 


Grating  Normal  Configuration(GNC) 


Preferred  because  of  efficient 
suppression  of  F-P  modes  from 
facet  reflection. 


Facet  Normal  Configuration(FNC) 


i 

i 


A,  aDFB  —  2  Yl  efft^gr citing  C O  S  (  0  ) 
- 1 - 


Take  advantage  of  facet  reflection 
Single  F-P  mode  operation  at  fairly 
low  pump  power. 
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Tunability  Implementation 


FNC 


GNC 


Shift  Pump  at  Different  Positions, 
with  Different  Angles 

i 

Feedback  from  Grating  of  Different  Periods 

a 

Tunable  Wavelengths 
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Experimental  Setup 


Computer 


Dewar  Cold  Finger 

Translation  Stage 

i _ 


Temperature 

Controller 


Camera 


T 

Liquid 
Nitrogen  '  Long  Pass 
Dewar  *™ter 


ULJ 


ZnSe 

Lens 


1908-nm  Thulium 
Fiber  Laser 


Long  Pass 


ong 

Fill 


ter 


Beam  I 
Dump! 


Cube 

Polarizer 


Power  Measurement 


Spectral  Measurement 


Spectroscopy  Setup 
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Tunability  Measurement  Results 


a 

.a 


in 


O 

CU 

M 

<u 

CU 


e 


p 

<L> 

a. 

C/D 


3075  - 


Tunability  Test  at  Pump  Power  ~2 Watts 

—  — — - -  K 


3070 


Pump  Stripe  Position  (mm) 

Wavelength  (nm) 

Tunable  range  of  about  30-nm,  continuous  tunable  range  is  shorter 
Mode  hopping  due  to  longitudinal  chirp  and  DFB  mode  degeneracy 
Single  mode(DFB  mode)  operation  across  the  whole  tunable  range 


3100 


3095 


3090  - 


3085  - 


3080 


Grating  Normal  Configuration(GNC) 
Pump  normal  to  grating 


Spectral  Peak  Position  vs.  Pump  Strip  Position 
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Single  Facet  Output  Power  (Watt) 


Output  Power  Measurement 


•  Single  mode  (DFB  mode)  operation  across  the  whole  pump  power  range 
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FWHM(nm) 


Spectral  Linewidth  Measurement 


FWHM  of  Spectra  Across  DFB  Device 


FP  Interferometer  Transmittance  Signal  Waveform 


-0.06 


-0.04 


Pump  Stripe  Position  (mm) 

F-P  interferometer  Cavity  length  L=~500pm. 

Get  wavelength  information  using  monochromator 


-0.02  0.00  0.02 
Time  Delay  (s) 

FSR=  C 


2  nL 


22 


A/l  =  —  A  v 
C 


0.04 


0.06 


Typical  linewidth:  1.2nm@~2x Threshold 
Confirmed  by  monochromator  and  F-P  interferometer 
Structure  in  spectra  at  some  pump  positions  due  to  longitudinal  chirp  and  DFB  mode 
degeneracy 
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Longitudinal  Mode  Hopping  Through 
Chirped  DFB  Reflectivity  Peaks 


3081  3082  3083  3084  3085  3086  3087  3088  3089  3090  3091  3092 
Wavelength  (nm) 


n 

kL«1.4 

Significantly  smaller  than 
straight  grating  calculated 
values,  due  to  longitudinal 
chirp  and  short  effective 
cavity  length. 

Spectrum 
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3072  3073  3074  3075  3076  3077  3078  3079  3080  3081 

Wavelength  (nm) 
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Summary 


•  CW  single  longitudinal  mode  operation  with  tunable  range  of 
30nm  (with  mode  hopping) 

•  Single  facet  output  power  of  320mW@80K,  limited  by  available 
pump 

•  Typical  spectral  linewidth  of  1 .2nm 


•  Optically  pumped  type-II  tunable  DFB  laser  could  be  an  excellent 
high-power  widely-tunable  single-longitudinal-mode  light  source 
for  atmospheric  pressure  spectroscopic  applications. 


•  Novel  wavelength  tuning  method,  could  be  applied  to  different 
types  of  lasers. 
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Future  Work 


•  Eliminate  DFB  mode  jumps  using  gain/loss  coupling 

•  Reduce  longitudinal  chirp 

—  e-beam  lithography 
—  Revised  optical  lithography  arrangement 

•  Broaden  the  tunable  range  by  optimizing  the  focal  length  of  plano¬ 
convex  lens  and  incidence  angle 

•  Gas  absorption  spectroscopy  demonstration 
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Thank  You ! 
And 

Questions? 
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Attachment  C 


Optically  Pumped  Type-II  Mid-IR  Tunable  DFB  Laser 

Xiang  He,  Steven  J.  Benoit,  S.  R.  J.  Brueck  and  R.  Kaspi 

CLEO  2012 
Presentation  materials 


Optically  Pumped  Type-II  Mid-IR 

Tunable  DFB  Laser 


Xiang  Hea,  Steve  Benoitb,  R.  Kaspic  and  S.  R.  J.  Brueck3 

aCenter  for  High  Technology  Materials,  University  of  New  Mexico,  Albuquerque, 

NM  87106 

b  Department  of  Mathematics,  Colorado  State  University,  Fort  Collins  ,  CO  80523 


cAir  Force  Research  Laboratory,  Directed  Energy  Directorate, 
Kirtland  Air  Force  Base,  Albuquerque,  NM  87117 
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Outline 


•  Applications  of  Mid-IR  Lasers 

•  Introduction  to  GaSb  Type-II  Mid-IR  OPSL 

•  Our  approach  to  achieve  tunable  DFB  laser 

•  Preliminary  experimental  results 

•  Summary 
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Applications  of  Mid-IR  Lasers 


•  Tunable  Laser  Diode  Absorption  Spectroscopy  (TLDAS) 

-  Remote  chemical/trace  gases  sensing:  CH4,  HC1,  NH3,  CO,  NO,  N02. . . 
—  Atmospheric  pollution  monitoring/leak  detection 

-  Chemical  process  control 

-  Defense  application:  chemical  warfare  agent  detection 


•  IR  illumination  and  range  finder 

•  Infrared  countermeasures 


3100  3150  3200  3250  3300  3350  3400  3450  3500 


Wavelength  (mil) 
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Introduction  to  GaSb  Type-II  Mid-IR  OPSL 


laser  Emission 

4 _ 4 


( 

Integrated 

Absorber 

(IA) 

InGaSb 

V 

Integrated 

Absorber 

(IA) 

— 

-o-o -- 

In  As 


IA:  (GaSb)x(InAs089Sb0 ![)[. 

Meyer  et  al.,  APL  67,  1995 
Goyal  et  al.,  Proc.  LEOS  2000 
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x 


Lasers  span  2.3  -  9.5  pm  wavelengths 


1  1 — * — * — * — * — ■ — ■ — * — * — ■ — ■ — 1 

01  23456789  10  11 

Monolayers  of  InAs 


Kaspi  et  al.,  Mid-infrared  Semiconductor 
Optoelectronics,  Springer 
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Slab  Waveguide  Structure  and 
Mode  Distribution 
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■  ■III 


Top  Clad:  GaSb 

n=3.82 

Core: 

14  sets  of 

IA/InAs/InGaSb/InAs/IA 
W-shaped  Stucture 

Substrate:  GaSb 

n=3.82 


1.5pm 


1.5pm 


x 


150pm 


Grating  period:  ~4 1 6nm 
Grating  depth:  500nm 
Duty  cycle:  50% 
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Our  Approach  to  Tunable  DFB  Laser 


•  Chirped  grating  in  top  clad  of  the  slab 

waveguide  structure-  index  coupled  DFB  laser 


•  Optically  pumped,  with  flexibility  of  varying 
pumping  angle/lateral  position-  gain  guided  in 
lateral  direction 


•  Laterally  shift  pumping  stripe  at  different 
positions;  grating  of  different  periods  select 
different  lasing  wavelengths  to  achieve  tuning. 


Grating  Normal 


Lateral/Tuning 

Direction 

a 


Longitudinal/Pumping 

Direction 
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Interferometric  Lithography  Setup 

For  Chirped  Grating 


L 


•Large  area  (20*20  mm2)  can  be  done  by  IL. 


0:  355nm  laser  beam  incident  angle 

P:  tilting  angle  of  to-be-exposed  die 

w.r.t.  back  surface  of  lens 

a:  die  rotation  angle  around  it’s  normal 

A,  B:  Foci  behind  lens 

L:  Foci  half  separation 

D:  Distance  of  foci  from  back  surface  of 

lens 


•Grating  period  and  chirp  adjustable  by  changing  lens  and/or  incidence  angle, 
die  tilting  and  positioning. 
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Chirped  Grating  Period 


Grating  period:  a=6°,  p=45° 


r(M  +  ^)* 2  +A-COS2  (3-{cz  - D )2  + 

’L  {u  +  Lf+A 

(u  - L)2  +A- cos2  P‘(c2—  D)2 

{u-Lf+A 

2  m2  -L2  +A-COS2  fl-(cz  -P)2,-m 
■yl(u  +  L)2+A-yj(u-L)2+A 

^4  =  v2  cos2  /?  +  (vsin /?  +  cz  -Z))2 

u  =  x  •  cos  a  +  •  sin  a; 
v  =  -x  •  sin  a  +  y  •  cos  a 


Contour  of  Grating  Pitch  on  Die(nm) 
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Chirp  of  Grating 


Blue  Zone:  DFB  Device  Area 


4x2.5mm  Device: 

Lateral  Chirp  along  device  symmetry  axil:  3.05%  ,  grating  period  c=  [409.2,  421.7]nm 
Longitudinal  Chirp  along  pump  stripe:  0.053%-0.086% 
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Fabrication 


PR  and  ARC  Coating 


Pattern  Transfer 
into  Top  Clad 


PR  Pattern 


355nm  Laser 
Spheric  Wavefronts 


Chirped  Grating 
Exposure  by  IL 


Residual  PR  and 
ARC  Removal 


ICP  Etch 


Grating  Pattern 
Development 


GaSb 


ARC  Removal 
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Pumping  Geometry 


Grating  Normal  Configuration(GNC) 


Preferred  because  of  efficient 
suppression  of  F-P  modes  from 
facet  reflection. 


Facet  Normal  Configuration(FNC) 


i 

i 


A,  aDFB  —  2  Yl  efft^gr citing  C O  S  (  0  ) 
- 1 - 


Take  advantage  of  facet  reflection 
Single  F-P  mode  operation  at  fairly 
low  pump  power. 
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Experimental  Setup 


Computer 


Dewar  Cold  Finger 

Translation  Stage 

i _ 


Temperature 
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Power  Measurement 


Spectral  Measurement 


Spectroscopy  Setup 
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Tunability  Measurement  Results 


V9-18-9  Tunable  Range 


Device  V9-18-9  Tunability 


1  2  3 

Lateral  Pump  Position  on  Device  (mm) 


Continuous  tunable  range  of  about  80nm,  3056-3136nm. 

Single  mode(DFB  mode)  operation  across  the  whole  tunable  range 
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Output  Power  (Watt) 


Output  Power  Measurement 


Single  Facet  Output  Power  vs.  Pump  Power 


Pump  Position  1 
Pump  Position  2 
Pump  Position  3 


Pump  Focusing  Setting 
Positionl:  4.24mm 
Position2:  3.625mm 
Position3:  3.81mm 


2  3  4 

Pump  Power  (Watt) 


Spectra  at  3.9Watt  Pump  Power  at  Different  Pump  Positions 
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GNC 


Pump  Positionl 
Pump  Position2 
Pump  Position3 


J  l 


3080  3100  3120 

Wavelength  (nm) 


3140 


Achieved  over  820mW  single  facet  output  power 
Output  power  limited  by  available  pump 

Single  mode  (DFB  mode)  operation  across  the  whole  pump  power  range 
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FWHM  of  Spectral  Peaks  (nm) 


Spectral  Linewidth  Measurement 


Major  factors  impacting  linewidth: 

•  Longitudinal  chirp 

•  Pump  stripe  sees  lateral  chirp 


•  Linewidth  enhancement  factor  from 
gain  medium 


•  Typical  linewidth:  1.2nm@~2. 5 x Threshold,  Confirmed  by  monochromator  and  F-P 
interferometer 

•  Spectral  linewidth  still  wide  for  low  pressure  spectroscopy  application 
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Spectral  Linewidth  of  V9-18-9 


Lateral  Pump  Position  on  Device  (mm) 
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Summary 


•  80nm  tunable  range  in  CW  single  longitudinal  mode  operation 

•  820mW@80K  of  single  facet  output  power,  limited  by  available 
pump 

•  Typical  spectral  linewidth  of  1. 2nm@2. 5 x threshold 

•  Optically  pumped  type-II  tunable  DFB  laser  is  an  excellent  high- 
power  widely-tunable  single-longitudinal-mode  light  source  for 
atmospheric  pressure  spectroscopic  applications. 


•  Novel  wavelength  tuning  method,  could  be  applied  to  different 
types  of  lasers. 
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Thank  You ! 
And 

Questions? 


5/21/2012 


THE  UNIVERSITY  of 

NEW  MEXICO 


17 


Attachment  D: 


Non  proprietary  summary  of  invention  dislcosure 
Project  TitleWidely  Tunable  Optically  Pumped  Mid-IR  DFB  Laser 
Track  Code2012-102 
Short  Description 

Researchers  at  the  University  of  New  Mexico  have  expanded  upon  the  use  of  chirped 
grating  systems  to  allow  for  the  formation  of  a  high-power,  optically-pumped,  tunable 
mid-IR  laser. 

Abstract 

Chirped  gratings  are  fabricated  on  the  top  surfaces  of  the  target  substrate,  in  a  longitudi¬ 
nal  orientation  by  translating  the  pump  region  up  and  down  to  tune  the  appropriate  wave¬ 
lengths  that  will  be  reflected/  transmitted.  This  form  of  grating  allows  for  tuning  over  a 
wider  spectrum.  The  grating  underlying  this  innovation  is  achieved  through  the  use  of 
interferometric  lithography  (IL),  where  the  intensity  variation  achieved  at  the  point  of 
intersection  of  two  coherent  light  beams  can  be  used  to  form  grating  patterns  on  a  photo¬ 
resist  film,  and  by  controlling  the  wavefront  using  a  lens  system,  chirped  versus  uniform 
grating  can  be  realized.  Once  the  procedures  to  finish  creation  of  the  distributed  feedback 
(DFB)  laser  have  been  completed,  the  end  product  in  able  to  operate  stably  with  success¬ 
ful  suppression  of  F-P  nodes,  and  provide  continuous  tuning  over  extended  wavelength 
ranges  in  an  extremely  robust  package. 
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